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1.0 INTRODUCTION AND OVERVIEW

“Optical fibers possess strong advantages over coaxial cables

for the transmission of h}gh freguency data and signals, because
of fiber’s high bandwidth, low loss and weight, and its relative
immunity to EMP effects and to interception and jamming. Space
related applications include phased array radars, antenna
remoting and flight controls (fly by fiber). Semiconductor
laser diocdses fabricated on InP substrates and emitting at 1.3
and 1.55 um are well suited to use as sources for optical
fibers, because of the low loss and dispersion of fiber at those

wavelengths.

Figure 1 shows a simplified cross sectional view of such a
semiconductor laser diode. The diode, which is monolithically
fabricated on an InP substrate, has a light-generating core
consisting of an active layer of InGaAsP sandwiched between
cladding layers of p and n-doped InP on the top and bottom,
respectively. Light is generated when the top (p-doped) InP
cladding layer is biased positively with respect to the lower
(n-doped) InP cladding layer, causing the motion of holes and

electrons from the p and n cladding layers into the InGaAsp

active layer where they recombine, accompanied by the generation

of light. Accesion For
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Figure 1.
Simplified diagram of InP/InGaAsP laser showing injection and shunt currents.




The width of the active layer must be kept below approximately
2 um in order to selectively excite only the fundamental
transverse mode, and the exposed sides of the p-n junction must
be covered by single crys.tal InP or a related material, in order
to electrically passivate the junction and to provide the
required optical index protile for optical confinement. This
InP or related material is Xxnown as the current blocking
structure, and it plays a crucial role in determining the
performance of the laser, because only electrical current which
passes through the active layer of the device and recombines
there can contribute to the optical output of the laser. As
shown in Pigure 1, current can also flow through the current
blocking structure if it is not perfect, robbing the active
layer of current, and resulting in increased laser threshold
current and reduced quantum efficiency.

Most conventional InP/InCaAsP laser diodes employ blocking
layers consisting of alternating layers of p and n doped InP,
where one or several pn junctions are designed to be reverse
biased, and therefore nonconducting, when the laser diode is
operating. The performance of devices using only a single
reverse biased pn junction is poor, and so two or more such
reverse biased junctions are usually necessary. Even with
several junctions, current leakage still occurs because current
can flow from the p cladding, through the blocking layer located
opposite the active layer, and re-enter the n cladding layer




without ever entering the active layer, as shown in Fig. 1.
The leakage current through pn junctions rapidly worsens when
the operating temperature of the laser diode is significantly
above room temperature. , Most InP/InGaAsP laser diodes cannot
operate at temperatures near or above 100°C. This limitation
is serious for space and military applications, and diodes in

such environments must be thermo-electrically cooled.

An alternative blocking structure consists of a single layer
of a highly resistive material such as Fe doped InP. Such
seni-insulating materials offer a wmuch simpler blocking
structure and are more easily fabricated than reverse biassed
pn blocking structures. BDecause the entire layer is noncon-
ducting, shunt currents between the upper and lower cladding
layers are reduced. The parasitic capacitance of such layers,
which nust be ainimized in high speed devices, can be very low.
In addition, the temperature seneitivity of the blocking is
expected to be lower than for pn blocking.

Fe doped InP blocking layers, which are grown by NOCVD, can
have resistivities (as measured by Van der Pauw or related

3

techniques) as high as 21 10°0Q-¢m”™’ at room temperature).
Unfortunately, in an operating laser, holes are injected into
the blocking layer from the p-type cladding layer as are
electrons from the n-type cladding, resulting in an effective

resistivity many orders of magnitude lower. This so-called




*double injection® effect becomes worse at higher operating
temperatures, because more electrons and holes are thermally
excited over the potential barriers that separate the cladding
layers from the blockinq‘ layer. A desirable blocking material
should have the highest possible bandgap in order to maximize
the height of these potential barriers and therefore minimize
the effects of carrier injection.

An additional problem arises because Fe is a poison for active
layer material, and therefore if Fe has been introduced into
an MOCVD reactor to grow blocking structures, the reactor cannot
be used to grow active layers without extensive cleaning. Two
separate MOCVD systens are generally used to grow these devioces,
with one dedicated to active structures and one to blocking
layers. MOCVD systems with associated support equipaent
generally cost of the order of $500,000, and structures reguiring
two such systeme are expected to be costly. In aadition, Pe
doped InF containe precipitates of Feb which introduce stresses
and crystal defects which mnay adversely aftect laser
reliability.

An alternate candidate for a ¢ingle layer blocking materisl is
In oAl oAse 1Its bandgap energy of 1.460 eV is 110 neV greatetr
than that of Fe doped InP layers, and ite lattice constant of
5.867 A is matched to InP substrates. A related material,
GaAlAs, which is widely used in semiconductor lasetrs emitting




in the 0.8-0.85 ym wavelength range, can be rendered semi-
insulating when grown with MOCVD by introducing ppm levels of
Oz into the source gas stream. By contrast, CaAs can be grown
with similar levels of O: without significant change in
electrical charactervistics. This suggests that the sewmi-
insulating nature of OiCa,. Al ,As is related to an interaction
between the Oxygen and Alusinum in the crystal lattice. This
argumsent can be eutended to I Al wAS, and Suggests That
Ol Al , As may be semi-insulating.




gemi~insulating Fe doped InP was [irst gyrowa using atmospheric
pressure MOCYD by Long L Al (1] and usSing lov pressure NMOCVD
by Hess et al (2). Resistivities as high as 712 10°0-om vere

obtained. The presence of Fef precipitates Ia FeilaP has been
investigated, anong others, by Chu [3) et a1l and Nakahaya et
al [4]. These precipitates IALFOMNCE SLIOHS CONOBRLTALIONS and
crystal defects im the [af (%) vich aay adversely affedt device
reliabitivy.

™e fole of oxygen AGHIAG iA Callds Ggrovws by ¢LROsPher iC Prebavre
MOCYD wae [Avest igated By Terio and Swhakews (€], Low pressvre
MOCYD was uded by Okayasa et al (V) te grow seni-insuiating
Ca Nl A Resfetivitios ae Righ ea 1070 -On were obtained and
£hott wave (0.8% u wavelength] bt ied heleforifwtute ldeets
with <coni~ineuiatisg blocking Iayers wats Snccessfally
faby jcated.

Liguid phease epitany was wsed by Tadwtaoki ot 21 (), 33
nolecular bean epitany wae weed by Oavies ot 21 (9] Yo Grow
taAlae. MOECVD wae Firet gsed by diforte-Poiseon ot 21 [10) Yo
drow not-intewtionally deped fatise lattlice metetbed to Ind.
tewer residual ejectron concentrations (7 v 10 vun 7 ) ahd elaction
nobilities ae Righ ae (80 cw’/V - were later reported for
MOCYD grown uhdoped fadlde by Aine 2hd Wattisgly.
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3.0 CRUWTH EXFEhiNcwTs

Low pressure MOCYD was (Ae growil Teohmigue atopted for the
growth of Owyden Aoged » o Al A5, The grovils were casvied
OUE LA & commercial Emeote G5 3200 BOCYD Growih systan. Ipitasial
Growth  ccCurs tRIOWGR tAe Jeacuion of alkyl seleoules
containing, in the present case, either Imdium or Aluminan,
wiEn Arsine (4sh,) welscules ovear Reated IaF Subsiyete.

™e gas filew ERFongh he ¥OCYD systen s lagrawned in Flgure
2. HYAEsgen dad prddes EATFongiv 4 Faliadion cell parifies Aaltey
WO qeruF e Ly Meteded SREARTE of sAfegen afe Bubh;ed Though
the grewg 51 afkyis. The temperatures of The alkyls are
feguiated e 0.1°C. Afver leaving Y8e aliyl bubblers, Uhe
cavrier gas Gan Be Walawd Siiley M6 Lhe Grewih GhENber ©F
infe & vent Line. Whatewer the destisetion, additions] bySfogen
das (4 suppiied from & snas flow corirelier in ofder to buiild

up e & Back pisesude of asvwerai Bundied foit ageihet » headie

valve. the precsures ia Uhe sihgl @ vodt {ises sis =3 Hueted
e be sgual, A Gtder te %awp the dewheltemk biesswie o The
CUBBlave conetant and fo Widimiss Liadwievie whed albyic ste
ewitehed between Lhe 21ksl Giowih 2@ wed | idee.

tThe Stwminue coudee wae TV iNetig] STemideaw (O], 20), ehich je

a Liguid ot teon tempetatare (Melting doist 13.0°C). The iddivn
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sowrce origisally used was TriMethyl Indium ((CH),Al), which is
& selia at room temperature (nelting point 88°C) but nevertheless
has a relatively high vapor pressure.

Afeine, whien ie eupplied diluted 9 to 1 in Mydrogen, is passed
throudgh & ceil comtaining molecular sieve in order to remove
fesidual water vapor, which i€ a common impurity in commercisl
areine . The owygern dopast, which is supplied at a concentration
ef 100 pom in witra high perity Argon, and Phosphine (100%) are
suppl ied witheut further parification. The purpose of the
Fhosphine i2 to tetatd thetheal deconposition of the InP substrate
e ing the Nest-up cycle priot to growth.

the teactant deeee flow isto gfowth chanber, which i€ 10 inches
it dismeter an@ of ¢0id wnll stainlese steel design, thtouy

pevforsted injector Sulbee. A: owver2ll “ehroad™ flow of Hydrogen
Wil €lowe thiowght * petforated chanbet top piste defines the
Gverall tlew pattedn of dee in the chatiber. A vacwul Pump,
Mk g SREengt 3 sutemeticslly cortrolled throttiing eyhswst
valve  Gteepk he precents 3t the decited oot poist. The vacvus
pume ie exttounetad (% an ack jested catbor filtet which resoves
Areine and Pheephire fion the gque ettamm.

THE R cubetrate ¢ile in 2 recesssd groove in 2 flst Molybdenun
water cavdier T jnchhes i® disseter which trotates at 1500
feve et ione per Biruta. The rotatjon of the wafer cstrietr




entrains the reactant gases into a rotating flow pattern,
enhancing the homogeneity of the gas composition and uniformity
of the resulting epitaxial layers. The wafer carrier is
resistively heated by a 'qraphitc filament and the temperature

stabilized by a thermocouple probe.

Crowths were carried out on semi-insulating Iron doped InP
subetratee (supplied by Mippon Mining, Inc.) oriented in the
(100) = 2° plane. Prior to growth, the substrates were degreased
in warm acetone and methanol, etched in Bromine-methanol,
followed by a free surface etch in a mixture of sulfuric acid,
hydrogen peroxide and water (3:1:1), and a final rinse in

deionfized water.

The recistivities and carrier concentrations in epitaxial layers
wvere measured by the Hall-Van der Pauw technique on cleaved
squares 1 ¢m in diameter. Contact was made to the four corners
of the sample with Indium dote, which were alloyed to the surface
under an inert atmosphere. Some samples were additionally
characterized using a Bio-Rad P¥ 4200 Polaron electrochemical

profiler, which provides a plot of carrier concentration versus

depth.

Surface morphology was evaluated by both optical and scanning

electron wmicroscopy, and layer thickness and thickness



uniformity were measured by chemical staining of the layer
followed by microscopy. Lattice constant of the epitaxial layer

was measured using a double crystal x-ray diffractometer.

The atomic size of Gallium is almost identical to Aluminunm, and
the ratio of Gallium to Aluminum in GaAlAs can be varied over
a wide range with little change in MOCVD growth properties.
Therefore, growth conditions were chosen to be similar to those
used successfully by others (e.g. Razeghi {12]) to grow InGaAs

lattice matched to InP.

Prior to attempting growth of InAlAs, separate calibration
growths of InP (on InP substrates) and of GaAlAs (on GaAs
substrates) were performed, in order to determine the relative
growth rates of InP and GaAs. The ratio of Aluminum to Gallium
in the GaAlAs growths was evaluated by photoluminescence
spectroscopy, and the data was analyzed by assuming that the
growth rate of the InAs component of InAlAs was the same as
that for InP when identical amounts of Indium precursor material

are supplied.

Good growth rates (1000 A/minute), reproducibility, and material
quality (as indicated by strong photoluminescence emission) was
obtained from the GaAlAs calibrations, but great difficulty was
encountered in achieving reasonably InP high growth rates. The

vapor pressure of the TriMethyl Indium was raised as high as




possible by increasing the bubbler temperature to 60°C, but
growth rates remained <80 A/minute. At temperatures of 40°C
and above, Trimethyl Indium, which is supplied in the form of
small granules, begiQ§ to crystallize into a single
polycrystalline mass, which does not permit gas to flow propei-ly
through the bubbler. The formation of this mass is accelerated
as the bubbler temperature is increased, and sufficient flow
could be maintained only by mechanically agitating the bubbler
after each growth. The growth rate varied irreproducibly from
run to run, depending on the degree of agitation, and it was

decided to abandon TriMethyl Indium altogether.

A lesser known Indium source is Ethyl DiMethyl Indium
((CH;3),(C,Hs)In). Extensive data on the physical properties of
this compound are not available, but it is known to be liquid
at room temperature and to have vapor pressure roughly half
that of TriMethyl Indium at room temperature. Because it is
a liquid, problems associated with crystallization are absent.
In addition, the liquid nature of the alkyl ensures that hydrogen

passing through the bubbler is highly saturated with vapor.

Substitution of Ethyl DiMethyl Indium resulted in an immediate
jump in growth rate. A growth rate of 100 A/minute was obtained
with the bubbler held at 27°C. As a check on the electrical

quality of the InP grown with this source, an n-type InP layer

- 14 ~




was grown using Hydrogen Selenide as the dopant. An electron
concentration of 1.5x10' cm™ and an electron mobility of
900 cm?/V-s was obtained.

Initial growths of InAlAs were performed using the InP and
GaAlAs data as growth rate calibrations. The initial growth
resulted in material with lattice mismatch of 1.8x107%, and
subsequent refinement of growth parameters reduced the mismatch
to 6x107°., Growth conditions are summarized in Table I. A

typical x-ray rocking curve is shown in Figure 3.

In order to demonstrate that the InAlAs could be doped, a growth
with Zn introduced as a p-dopant was performed. The resulting
material was heavily p-doped, as shown in the electrochemical
profile of FPigure 4. The hole mobility as determined by Hall

measurement, was 70 cm?/V-s and the resistivity was 0.140-cm.

InAlAs growths were performed at several concentrations of
Oxygen in the growth chamber. A growth performed with 0.2 ppm
of Oxygen in the source stream resulted in a smooth layer with
a resistivity of 20Q-cm. Increasing the Oxygen content to 0.4
ppm did not cause degradation of the surface smoothness, but
unfortunately the sample came out non-uniform, as deternined

by the Van der Pauw system, and an accurate determination of

- 15 =
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material resistivity could not be obtained. Examination of the
sample with an I-V curve tracer gave an estimate of several
hundred {1-cm for the resistivity.

At 0.7 ppm Oxygen, the ;Lrteco became milky in appearance, as
shown in Figure 5 where the surfaces at 0.4 ppm and 0.7 ppn are
compared. A scanning electron micrograph of the surface shown
in Figure 6 reveals significant roughening of the surface. The
resistivity of the material was measured at 1200Q-cm.

These growth results are summarized in Table 1I.




f--------———._

Figure 5. Appearance of InAlAs grown with 0.4 ppm Oxygen (left)

compared to 0.7ppm Oxygen (right). MNote specular
appearance of 0.4 ppm sample and milky appearance of

«/ ppm sample.
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4 O ANALESIS ARD COMCLUSIUmS

We have demoAstratled that, as predicted by anajogy 1o Gadlas,
MOCVD grown InAlAs Decomes Bighly resistive YPon IRCOVPOration
of Oxygen inteo the cryst;.t iattice. As is the case for Galdlds,
the onset of high resistivity is very rapid; ia the case of
InALAS, we have seen a sinty-fold iscrease of resistivity for
an increase of Owygen by a factor of 3.5,

The growth conditions that we explored gave Fough surfaces vhen
the Oxygen content in the Growtih atacsphere esceaded 0.7 ppw.
Rough surfaces are indications of poor saterial guality and are
not directly suitadile for device applications, and &0 the highest
useful resistivities that we obtained were in the hundreds of
(-cm. By optimizing the growth comditions, it is expected
that ¢good material surface guality can be obtained at higher
Oxygen contents and resjstivities. The saterial guality of
Oxygen doped CaAlde hae been sinilarly shown to be sensitive
to growth conditions, as evidenced by diffetent resuits teportesd
by References (6] anad (7).

The competing material, Fe doped 1nP, hae a resistivity of ordet
2x10%0-¢m, which is considerably ¢greatet than the results
obtained from O:inAlAs, but as explained in the Introduction
and Overview section, direct compatison of resistivity values
is meaningless, because double injection of electrons and holes

lea
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into the blocking layer from the claddimgs Qives fay Jowey
effective resistivities., The effects of Qouble IN)SCTION aye
eupected o e less severe A Righ hendgep Indlds and should
provide supstior perforsance, sspecialiy & Righ apersting
Eemperatures. Farthed eaped iaeals, iScluling fTaly icatlion and
Eesting of actual IAF/IaCadalr Lasers e Aedaasary e werity

ihe performance advantiages of O:isalds Blokisg lapers
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Table 1Y
,w‘@eu S
Concentration in Resistivity
Crowth Chamber (D=ecm) Horphology
ﬁgmu
6.2 20 Saooth
0.4 * Linear surface features
6.7 1200 ®ilky

* The sangle was anistropic and no reliable figures could be derived
from Van der Pauw neadsurements. The resistivity is estimated at

several hundred ()-cm,
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Safety Hazards

The primary safety hazards ;ssociated with this program concerns
the use of highly toxic gases in the MOCVD crystal growth proces,
in particular Arsine (AsH;) and Phosphine (PH;). The more toxic of
the two, Arsine, has a government required limit of S50 ppb in
breathing air, based on an 8 hour/day. The growth system exhaust
is filtered through an activated carbon scrubber. The resulting
exhaust was continuously monitored by a toxic gas sensor to ensure
the proper functioning of the scrubber. The laboratory atmosphere
was also continuously monitored for the presence of toxic gases.
The source bottles of Arsine and Phosphine were equipped with
pneumatic shut-offs to be automatically triggered in the event of

detection of toxics.

Hydrogen was used in the growth process and posed a possible
flammability hazard. The laboratory was equipped with sensors wired

to shut off all gas flow in the event of detection.
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by the Van der Pauw system, and an accurate determination of
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